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I. INTRODUCTION: Many qualitative features of high energy hadron physics 

seem to be consistent with perturbative Quantum Chromodynamics (QCD). Recent 

observation of three-jet events in high energy e+e- annihilation has, in par- 

ticular, given encouragement to the QCD picture of quarks and gluons as the 

underlying constituents of hadron physics. Whereas the spin and "flavor quantum 

numbers" of quarks are probed in various lepton-hadron processes through their 

weak-electromagnetic coupling, the properties of the gluon are much more elusive 

for experimental study. They do not couple directly to the lepton probes, 

It is the purpose of this paper~to show that important information on the spin 

of the gluon can be extracted from the angular distribution of lepton pairs 

produced at large transverse momentum in hadron collisions. 

Within the conventional perturbative QCD framework, the dominant mechanism 

for producing such lepton pairs (at least for nN and RN reactions) is quark- 

antiquark annihilation with the emission of a hard gluon. ly2 This mechanism 

is shown in Fig. 1. As the large transverse momentum of.the pair isbalanced 

mainly by that of the'recoil gluon, it is apparent that the spin of the latter 

should have an effect on the angular distribution of the detected leptons. 

It is then natural to ask whether this effect can be clearly identified and 

subjected to simple experimental tests. We show that the answer to both questions 

is yes. 

II. QCD RESULTS: The angular distribution of lepton pairs produced in ~hadron 

collisions is determined by structure functions which represent independent 

components of the virtual photon polarization tensor (or current correlation 

function), 

W 
uv = s 1 d4zeiqz<plp21Ju(z)Jy(o)jP1PZ>. (1) 
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The momentum labels p,, p, refer to the initial state hadrons, q to the virtual 

photon (hence the final state lepton-pair), and s is the total center-of-mass 

energy squared, s = - (pl+p,)*. The general formalism for analysing the angu- 

lar distribution is developed in ref. 3, to which we refer the reader for details. 

We are concerned only with large transverse momentum lepton pair production 

in nN or RN scatterinq. Hence we shall focus our attention on the dominant 

mechanismlS2 represented by Fig. 1. The current correlation function can be 

4 
written, 

&, dc, 
W'"(P~, P,. q) = $ f: Q; I ~~ r ~~k,-x,m,-x,b $1 

L 

x hik,)Ufk2) + ui(5,)uf(5*)lw~"(5~Pi' E,P,, 4). (3) 

Here the sum is over quark flavors. We use x1,* = (q"tqzj/6, xL = ql/&, 
, 

wherecomponents of the virtual photon momentum q refer to the initial hadron 

CM frame. The parton (anti-parton) distribution functions ui(Caj[ii(Cajl 

depend on the flavor label 1 and the longitudinal momentum fraction E,, where 

a=1,2 labels the incoming hadrons. The hard parton annihilation amplitude 

w'" is given by: 

WU"(SIPl, S,P,, q).= ~"v(s2P2, C,P,, 4) 

= 4na&Su"(S:x; + six;) - 4lk;P;P; + t*P;P;H/E,c,x: (4) 

Here (jn" = g"" - q'lq"/q* is the gauge invariant projection tensor, p", = ~'"p,,/J? 

(a=1,2) are the normalized gauge invariant hadron momenta, *=x,x,-x:, and as 

is the effective strong coupling constant. Combining Eqs. (31, (4) and com- 

paring with the definition30f invariant structure functions Wi, i=1,2,3,4, 

wnYPl,P,, 4) = gnvw, + GYP; + P;P;,(w,-W,, 
(5) 

+ p-~qw*-w3+w,) + p$qw,+w3+w4j, 
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we can summariie the results as follows, 

2 -2 w, = ; WF’ = x;<g;2>+ x*<c* >; 

w, = w, = - +g;*> + ‘q*>); 

and W, = - 2~(<.5;*>- <.$'>). 

Here 

(6) 

(7) 

(8) 

<f(E,, 
32n*cr 

<,I> = gf: 
L 

Z Q; j=dr f(E1, 
i 0 

52) [“l(S1)uiiS*) + uj(S~)“i(S*)I 

(9) 
with 5, 2 = x1 2 + xle". 

9 I 

III. QUARK AND GLUDN SPINS: It has been pointed out5 that the relation W; = 2W1, 

Eq. (6), <s intimately tied to the spin i nature of the quark. One can show 

that changing the spin of the gluon in Fig. 1 does not affect this relatiqn.- ~~ 

Moreover, it is valid regardless of whether the quark lines coupled to the virtual 

photon are on-shell and colinearwith'the:incoming hadrons'(i.e., in the.Drell- 

van-limit) Kare~off-shell and non-colinear.(as in Fig. 1 with high ql). There- 

fore, checking the invariance of Eq. (6) over a wide range of q1 (in which the 

apparent lepton angular distribution is expected to vary substantially) should 

provide a critical test of the spSn of the quark. (The classic Callan-Gross 

relation, by comparison, only holds for on-shell quark lines coupled to the 

virtual photon.) 

The main point of the.present paper is to generalize the above idea to 

get a handle on the spin of the much more elusive gluon. (This is one of the 

few places where effects due to a single gluon can be subjected to detailed 

study.) For this purpose, we take the quark to be a.conventional spin k 

particle. To see the effect of the gluon spin, we contrast the QCD predicttons 

of the last section with corresponding formulas resultjng ,from emissjon of a 

hard scalar gluon. A straightforward calculation yields, for the latter case, 
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w = + y; -= 1 
1 2 <(II - *,*> 

1 2 

w* = - &> + <&-:> + <<;*>) 

w, = - 2T(<5;2> - .,;*>, 

w, = - q<q*> - <5;y> + <$>) 

(10) 

(11) 

(12) 

(13) 

where < > has the same meaning as in Eq. (9). 

As mentioned before, the relation Wi = 2W,, Eqs. (7), (lo), is valid irre- 

spective of the nature of the gluon. On the other hand, the second parton model- 

QCD relation W, :W, is sensitive to the spin of the gluon. Thus, from Eqs. (7), 

(11) and(13): 

-~ 

I! 

0 vector 

w2 - w, = for 
-1 -1~ 

-2-E1 E* > 1 i 
gluon . (14) 

scalar 

This statement holds true for any parton distributions (Us and ii(~)), hence. 

is independent of any uncertainties associated with these functions. There are 

other differences‘iti detail between Eqs. (6)-(8) and Eqs. (lo)-(13). They will 

influence the numerical calculations of section V. But,for the moment, we would 

like to focus on Eq. (14). Question: is it possible to translate this simple 

theoretical result into an equally clear-cut experimental test? 

IV. ANGULAR CORRELATION AND ASYMMETRY TESTS: The angular distribution of the 

leptons are normally studied in the lepton-pair CM'frame. It has the general 

form:3 

= & [&(l+cos*e) + W,sin 2s cos$ +(W, + W44cos 2+)sin*s] (15) 

where o refers to the cross-section integrated over the leptonanjles~'(but.-mayibe 
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differential in the hadron variables which we suppress). The lepton angles 
,. 

(e,#) and the associated coefficients6 WI in Eq. (15) obviously depend on the 

choice of coordinate axes in this frame. In order to translate Eq. (14) into a 

statement on the lepton angular distribution, one needs the relations between 

i 
i' 

i=T,L,A,AA, and the invariant structure functions of the previous sections. 

These are given in ref. 3. It turns out that, when expressed in terms of W,, 

the form of Eq. (14) fs frame-dependent and quite complicated for all conventional 

choices of axes. It seemed, therefore, that in spite of its theoretical sim- 

plicity, Eq. (14) could not be directly tested. But, it is not so! 
., 

Let us forget about the frame-dependent Eq. (15), and go back to the basic 

formula doccI!'WUV where Wu,, is defined by Eq. (1) and LiV is the famfliar lepton 

tensor (square of the lepton-virtual-photon vertex) L"" = gP" - y - 
kPkV 
v> 

(k is the relatfve momentum of the two leptons). Observe that L'" is the pro- 

jection operator which, when contracted with any 4+ector, projects'the'latter 

onto the plane perpendicular to both q" and ku. In the lepton CM frame, this plane 

is the 2-plane perpendicular to the leptoh momenta, (see Fig. 2). Contracting 

L!'" with the general form of WVy given by Eq. (5), we obtain 

do = 2w, + jq(W, - w, + W,) + $;(w, + w, + w,)+24.b2(w2 - Ws) (16) 

where B1 and 6, are the projections of the initial hadron momenta onto the 2+lane 

just described (cf. Fig. 2). 

It is fmportant to notice that: (I) only physical variables appear in Eq. 

(16) (i.e., it is independent&hechoice of coordinate axes); and (ii) the last 

term involving correlation between p1 d p, measures exactly-the combination of. 

structure functions (W2 - W,).that we are interested>. Hence, Eq. (14) can be 

translated into the simple statement: 
. 1f'QCD~is CorreCt;'there'jh~Bld.be'no 

~torrelation between b1 and; on the other hand, if the qluon is not a vector 
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particle (as exemplified by the scalar case) there should be a nonvanishing 

correlation. 

To go into a little detail, we note 6: = x$ sin2e;/4r, fj$ = x: sin2e2/4T, 

and &-ij, = x1x2 sin elsin a, COS+~~/~T where the angles el, e2, 412 are 

defined in Fig. 2. For a fixed set of hadron variables (say, S, M, xFP q,), 

the three angles are constrained by one kinematic relation. However, if we 

integrate over one or more hadron variables, these angles become independent 

(except at kinematic boundaries). The term of interest to us in Eq. (16) is 

then the only one which depends on cosOii . It can be sinqled out by an 

asyametry,me~asuring the difference in the fractional number of events with -.---__ 

(i,, p,) on the same side (cos$~>O) and that on opposite sides (cos$,,<O). 

With a possible proportionality constant of order 1 which depends on the de-. 

tails of the integration over hadron variables, this asymmetry measures directly 

the breakinq of the QCD relation W, swl, represented by.the parameter, 

I: =.xIx2(W2 - Wq)/8$. (17) 

V. NUMERICAL RESULTS: To gain some feeling on the practicality of the proposed 

tests, we calculated the structure functions and the angular coefficients. for 

the case of nN scattering at 225 GeV/c. The parton dlstribution functions 

needed in these calculations are already determined by existing experiments 

at the same energy7 (using data dominated by low qL events). We present in 

Fig. 3 typical results obtained for the QCD violating asymmetry parameter K. 

Dependences of this parameter on the variables M, xF, and ql can be readily 

read off. K vanishes identically in(lowestder)):QCD, it is of the order ._~__.~.. _. 

0.1 - 0.4 if the gluon has spin zero. For this test case, K is larger for 

higher values of M, and lower values of IxF( and qL- .' 

In addition to the clear cut K=O test, other aspects of the lepton angular 

distribution can also reflect the influence of the spin of the recoil --- __- w. 
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As an example, we calculate the anqular coefficient a in the traditfonal 

(l+a cos*e ) distribution' [cl =(WT - i,)!(W, + W,)] . ' For definiteness, 
3 

we pick the Collins-Soper frame. Representative results are presented in 

Fig. 4. We see that the ranges of a characterizing the vector and scalar 

cases are essentially non-overlapping for large values of M and 41. (For low 

ql,,kinematics plus the general relation Wz = 2W1 forces a + 1 in both cases.) 

VI. CONCLUSION: -- If perturbative QCD is relevant for large transverse mom- 

entum lepton-pair production, the angular dis.tribution of the leptons can pro- 

vide valuable information on the spin of the gluon. This information fs not 

easily obtained elsewhere. The structure function combination W, - W, provides 

the most clear cut test for vector gluons in QCD, cf. Eq. (14). It can be 

directly measured by an experimental asymmetry, cf. Eq. (16). 'Background. 

effects' due to hiqher order diagrams should be small if perturbative QCD 

makes sense but clearly needs to be calculated. Ad hoc 'intrinsic transverse 

momentum' of the partons might also introduce breaking of the relation W, = W,, 

but current thinking is that this is part of the higher order effect, and it 

is.inconsistent to put such terms in by hand.8 
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FIGURE CAPTIONS 

1. 

2. 

3. 

4. 

Dominant mechanism for producing large transverse momentum lepton-pairs 

in nN and RN scattering: hard gluon emission. 

Kinematics in the Center-of-Mass frame of the lepton pair. 

The' as.vmnetr.v parameter K :as a function of q1 for various valueslof M 

and ~xF if the gluon has spin 0. (QCD predicts, k=O.) 

The anqular coefficient a = (WT-WL)/WT+WL) as a function of q1 for various 

values of M, xF in the, two cases of vector- and scalar-gluon. 
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